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LOSS CALCULATION ON METAL SPACE-FRAME RADOMES

John Ruze

Lincoln Laboratory
Massachusetts Institute of Technology

1. INTRODUCTION

The purpose of this note is to present a method of determining the loss due to
a metal space frame. Fundamentally, the method does not differ from that intro-
duced by Kennedy (1958) and extended by Kay (1965). After certain simplifying
assumptions, these methods consist of subtracting the forward-scattered field of
each individual member from the unobstructed aperture axial field. It is hoped
that the procedure suggested in this note will prove convenient to electrical and

structural designers.

It must be realized that a rigorous formulation of the radome space frame as
an electromagnetic scattering problem represents a tremendously difficult endeavor.
Even such simplified problems as the transmission through a square grid have only
approximate solutions, and these only in the long- or short-wavelength limit. If
a rigorous formulation were available, suitable for use with modern computing
machines, one would questionits engineering usefulness since it would require, as one
of its inputs, accurate knowledge of the scattering coefficients of various structural

shapes and at all aspect angles.

It has, therefore, been customary to make certain simplifying assumptions to
make the problem amenable to calculation. Principal among these is that the ele-
ments scatter as independent, infinite cylinders placed in front of an aperture with
uniform phase. This implies the neglect of end effects, circulating currents at
member junctions, mutual scattering, and near field effects. In addition, simpli-
fying the calculations to average various effects implies that such an average has

meaning and the number of such elements is large.




To evaluate the success of this suggested procedure, recourse must be made
to experimental verifications on actual radome geometries. Unfortunately, there
is a dearth of precise radome-loss measurements over a range of frequencies.

We hope, the procedure, if applied to a number of structurally acceptable designs,

would yield those preferable from an electromagnetic standpoint.

2. THEORETICAL DISCUSSION

2.1 FLAT-SHEET RADOME

We first consider the spherical radome as a flat sheet and determine the frac-

tion of the aperture area blocked (Figure 1) as

2\3 wL s
n= + = + c (1)
L+25)2 W3 (Lt2r)? om0 h

The first term is the member blockage and the second the contribution of the hubs.
The latter is generally 10 to 30 percent of the member blockage. The above
formula is derived on the basis of equilateral triangles. For a random geometry
the individual member lengths vary. It can be shown that for a variation of £10
percent in length the error made by using the mean length in equation (1) is 2 per-

cent (too small).

At very high frequency (optical limit) the reduction in axial field is then simply

%=l-nm-nn . (2)

At lower frequencies the blockage must be modified by a factor that accounts for
the relative scattering efficiency of the members. This factor (Kennedy, 1958;
Kay, 1965), called the induced current or field ratio,is simply the ratio of the for-
ward-scattered field of the member to the forward-radiated field of an incident
plane wave of the same width. Itis a complex number that depends on the member
cross section, their shape, and on their orientation, 0, relative to the polariza-

tion vector. In the optical limit it approaches -1. Equation (2) then becomes
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2 2
e-‘;- =1+mn [ICR cos®6 +ICR, sin o] - n_ (3)

where we have not modified the smaller hub contribution, and where we have re-

solved the polarization vector along and perpendicular to the member axis.

If the members have a random or equiangular arrangement, then their summa-

tion in equation (3) yields

Se14n,TR- (4)

where ICR is the average induced-current ratio for the two orthogonal polarizations.

The loss in axial power is then

L2 - ICR -n |%= ICR -
po_|1+nm1c11 n, | 1+zqm@1c1{ 2n_ (5)

where the approximation is valid as the blockage is hopefully small (see Appendix)

Now by the '"shadow theorem' (Burke and Twersky, 1964), the real part of the
forward-scattered field is proportional to the total scattering cross section or

o
WICRL—Z%:-g(w) , (6)

where 2w is the optical cross section and og. the average total scattering cross
section. We have alternately for the loss of axial power

I;%:1-211n—2'r]rny(w) (7)
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The advantage in using the total scattering cross section instead of the more cor-
rect complex induced-current ratio is that many references calculate the former.
Figure 2 plots the total scattering cross sections for round cylinders. Figure 3
gives the average total cross section for rectangular cylinders (van Bladel, 1964;
Kay and Paterson, 1965; Mei and van Bladel, 1963; Morse, 1964; King and Wu,
1959; Mentzer, 1955).

The flat radome loss is then calculated by equation (7) with the use of equation

(1) and Figure 3. This loss is independent of the aperture illumination taper.

2.2 SPHERICAL RADOMES

In a spherical radome the aspect of the members change with aperture posi-
tion. It is, therefore, necessary to include this change in a modified scattering
cross section or ICR and to weigh this changing contribution with the aperture
illumination taper. The aspect of the members is bounded by two limiting cases;
namely, 1) those members directed along great-circle paths through the beam

axis, and 2) those members orthogonal to these great circles (Figure 4).

For the great-circle members the scattering is reduced by the cosine of the
angle of incidence as these members are foreshortened by the radome curvature.
For the orthogonal members the scatteringisincreasedbecause of the greater pro-
jection of deep members. In addition, the apparent concentration of the orthogonal
members increases as the cosine of the incident angle. We would therefore expect
the scattering of the orthogonal system of rectangular members to vary in the

optical limit (high frequency) as

d .
<os © [cos 0 +; sin 9] . (8)

In the low-frequency limit, the rotation of the member is immaterial as the
total scattering cross section here depends only on the perimeter in wavelength.
Generally, we can represent the scattering of the orthogonal members as

(Figure 5)
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~os 0 [cos 0 +% sin e]“()" . 9

The function n(\) varies from unity at the optical limit to zero at low frequencies.
This function was determined, for rectangular members, from Kay and Paterson
(1965) and Mei and Van Bladel (1963) and is plotted in Figure 6. It was found that
when n(\) was plotted as afunction of the perimeter in wavelengths thatit was essen-
tially independent of the d/w ratio. We note from Figure 6 that when the perimeter
is less than half a wavelength the total scattering cross section is independent of
element rotation; whereas when the perimeter is over 10 wavelengths the scattering
cross section is essentially the projected optical cross section. For round members

there are no rotational effects and n may be taken as zero.

As we must weigh these effects by the illumination taper and normalize by the

same, we have for the loss of axial gain

! ] E:os 0+ % sin O:In()‘) f(r) rdr
ff(r) cos Ordr + j “os 6
0 0
oo = 1-2m - 2 Ew) T ;
0 2ff(r) rdr
0

(10)
where we have summed or integrated over circular rings and assumed that the
extremes of member aspect behavior can be approximated by their mean.

3. APPLICATION
The result of our analysis is then given by equation (10) or Figure 7. Here
A. The hub blockage is calculated from equation (1) and is not modified by
the curvature factor as the hubs are thin compared to their diameter. As

they are uniformly distributed their effect is independent of the aperture

taper.
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The member blockage is also calculated by equation (7). However, it
must be modified by the ICR or relative average total scattering cross
section, g(w) (Figure 3), and by a radome curvature factor.

The curvature factor depends naturally on the ratio of the radome-to-
antenna diameter, on the aperture taper, and on the member depth-to-
width ratio. The dependence is expressed in the bracketed term of Figure
7. For given parameters it can be evaluated and is given in Figures 8, 9,

and 10. For n(\) = 0 the curvature factor is essentially unity.

An example best illustrates the procedure. A proposed space frame has the

following characteristics:

Radome diameter 500 ft

Antenna diameter 400 ft

Frequency 2700 Mc

Average member length (L) 37.5 (35 to 40 ft var.)
Member width (w) 2.5 inches

Member depth (d) 20 inches

Hub diameter (2r) 42 inches

Member perimeter (p) 45 ft

from equation (1) optical blockage

492

2N3 (2.5) (450) | 2m (42)2

n=1.02
(492)° N3

(Note: 1.02 inserted due to member length variation)

n=n_+ r]n=0.0164+0.0264

at 2700 Mc (XA = 4.5 inches, p/\ = 10 inches, and n = 0.75 inch) from Figure 6 as
w/\ =2.5/4.5 = 0.555 inch; and d/w = 8 inches. We have equation (10)

p/Py = 1 - 2(0.0264) - 2(0.0164) (2.3) (1.9)




or

p/py =1 - 0.0528 - 0.1850 = 0.7622 (-1.16 db)

4. EXPERIMENTAL CONFIRMATION

To establish the validity of the above procedure recourse must be made to
experimental measurements on actual radome structures. Unfortunately, there is
a dearth of precise measurements over a sufficiently wide frequency range and with

diverse element shapes.

Figure 11 shows the correlation between the calculated and the experimentally
measured data on the ESSCO model M-160 metal space frame. The measured data
were obtained by periodically rotating a half-radome scale model in front of the
parabolic antenna. The vertical bars indicate the signal variability while the ra-
dome section was in front of the aperture. Even with no rotation there is a signal

variability of about 0.02 db.
5. SHAPED MEMBERS

The present report presents data for loss calculations of radomes consisting
of round or rectangular members. At times suggestions have been made to reduce
the space-frame loss by streamlining the members. This suggestion, no doubt,
has its origin in the success obtained in reducing the radar cross section or back-
scattering coefficient of various missile shapes. Unfortunately, we are dealing in

the space-frame problem with the total and not the backscattering cross section.

It can be readily shown, at least in the high- and low-frequency limits, that

any member shaping or streamlining should not offer any advantage.

In the high-frequency limit, the scattering cross section is the optical cross

section or merely twice the projected area




Therefore, for a flat radome the streamlining will have no effect. For a spherical
radome the streamlining will be deleterious because of the curvature factor of

deep members.

In the low-frequency limit, the total average scattering cross section is given

by

T :_—"2__ (11)
S 2K 4n p/7]?

where k = 27/\ and p = cross-section perimeter.

As for a fixed member, width streamlining will increase the perimeter and as
the perimeter-to-wavelength ratio is less than unity, the streamlining will increase

the scattering cross section and hence the space-frame loss.
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APPENDIX

The approximation made in equation (5) requires justification. To present the

problem we note:
__ —= 2 2 2 .
p/py = |1+qICR|“ =1 + 2n|ICR| cos® + n° |ICR| ; (A-1)
in the optical limit the magnitude |ICR| — 1 and its phase 6 approaches 180°

2
p/p0=1-2n+n = 1-2nq s (A-2)

and the approximation is valid. However, in the low-frequency limit, the phase

angle 6 approaches 90° and the approximation is not evident.
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To investigate the behavior in the low-frequency limit, we insert the low-
frequency asymptotic form into equation (A-1). As in the low-frequency limit, the
induced-current ratio or relative total-scattering cross section does not depend on
the member shape, we can use the values derived by Burke and Twersky (1964)

for elliptic cylinders. Using the dominant terms of their equation 41, we have:

IR=-—Q—l-jE£ (A-3)

where

2w is the optical cross section

2
D =—"—
T +4L
f = d/w
L = f2oryx(l+f)/2

d and w are the ellipse major and minor axis

1.781 ...

<
1l

x = mw/\ s
and (A-1) becomes

p/p0=l-i—;LD+(k~1;'N-)2D .

We make a 10 percent error in our loss estimate by using only the first two terms

if

2
T = 10 ()
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kw = 5 =5.2N3 w/L

or

A=—— 1,=0.36 L
53

In other words, if the wavelength is smaller than about a third of the member
length, the approximation made by using the total scattering cross section instead
of the more correct forward-scattered field is less than 10 percent in the calculated
space-frame loss. When the wavelength is greater than this value, the calculations
are dubious in any case as then the wavelength is comparable to the space-frame

cell size.

) (-

» L .

Figure 1. The aperture area blocked.
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EFFECT OF RAIN ON RADOME PERFORMANCE

Introduction

Over a year ago severe deleterious effects of rain on the 210-foot Andover
inflated radome were reported by Giger (1). These effects are in agreement with
calculations on water film thickness based on a formula originally derived by

Gibble assuming uniform channel flow.

Recently considerably reduced losses were reported by Cohen and Smolski (2)
on a 55-foot metal space-frame radome simulating the rain by means of garden
sprinklers. These losses were below those calculated from the Gibble formula
for this size radome. Furthermore, visual observations indicated that the water
flow on the radome surface was not a uniform film but was largely due to streams
and rivulets. In addition, Cohen and Smolski reported that even these lower losses

could be made neglibible by treatment of the radome surface by a nonwetting agent.

The disagreement with the Gibble formula and the complex appearance of the
water run-off suggested a more expert approach to this problem. Professor
C. C. Mei of the M.I. T. Civil Engineering Department was therefore engaged on
a consulting contract. Basically, Professor Mei modified the Gibble formulation
by considering the turbulent nature of the water flow. (Report available on

request. )

Professor Mei's formulation checks the rain-simulation tests of Cohen and
Smolski but does not check the Andover results. For very large radomes (550~
foot diameter) and high rain rates the Mei and the Gibble formulations predictthe

same average water-film thickness.

(1) Giger, A. J. "4Gc. Transmission Degradation Due to Rain at the Andover,
Maine Satellite Station, ' BSTJ, Sept. 1965, p. 1528.

(2) Cohen, A., and Smolski, A, "Effect of Rain on Satellite Communications Earth
Terminal Rigid Radomes, "' Microwave Journal, Sept. 1966, p. 111.




It is the purpose of this report to gather together the various effects of rain
on antennas with radome enclosure with special regard to the CAMROC program
(400' Diameter Antenna and 550' Radome).

1) Rain and Wind Frequency

Figure No. 1 shows the percentage of time that rainfall exceeds a given rate
and wind a given number of miles per hour. The data are representative 200 feet
above a level coastal plane. Individual locations are expected to vary widely from

these values.
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o.o/ 7% ors% 2 Perceylose 7ivne 7O% 700%

Figure 1.

It is to be noted that heavy rain occurs only 0. 1% of the time, moderate rain

1%, and over 90% of the time it does not rain at all.

In contrast, at a height of 200 feet a 30-mph wind is exceeded 10% of the time
and only 10% of the time is the wind less than 10 mph.

The implication of these data to an antenna system requiring precise pointing

is evident.
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2) Signal Attenuation in the Rain Field

The signal attenuation in a rain field is also of interest.

This rain field exists

in front of the antenna, typically 5 to 20 kilometers, and is quite variable. A com-

prehensive study by Medhurst (3) of the experimental data indicates that the meas-

ured values are several factors above the theoretical predictions.

shows the expected values from his paper.

scatter an order of magnitude above and below this curve.

Figure No. 2

In a typical installation the data may

This large variation

is due primarily to lack of knowledge of the extent of the rain field, the drop size,

and the rain rate.
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Nevertheless, the curve indicates that for precise radio astronomical measure-

ments the rain field is a serious factor above 4-cm and becomes negligible below

10-cm wavelength. This rapid dependence is, of course, due to the fourth power

law of Rayleigh scattering.

(3) Medhurst, R. G., '""Rainfall Attenuation of Centimeter Waves, '' IEEE Trans.

Ant. and Prop., July 1965, pp. 550-564.
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3) Rain Flow on a Radome Surface

The water flow on a radome surface must be a very complex phenomenon,
involving both uniform water film flow and irregular water streaks and rivulets.
The water film flow is probably comparatively slow, whereas the streaks may
approach the velocity of free-falling raindrops (typically 800 cm/sec for 1. 5-mm

diameter drops).

Unfortunately, from the prediction point of view, the nature of this flow strongly
affects the electromagnetic transmission of the radome. This is evident when we
consider that the scattered energy of a water film depends on the square of the
film thickness in wavelengths and for streaks directly on the number and/or on the

cube of their diameter in wavelengths.

Fortunately, this strong dependence on film thickness or streak diameter means
we can do something about it. Treating the surface to enhance water run-off
(increasing flow velocity) implies that we are decreasing the film thickness and/or

the streak diameter.

Furthermore, the high dielectric constant of water implies that the portion of
the radome flow that is in steaks or rivulets should be markedly polarization sen-
sitive. A thin water cylinder at microwave frequencies scatters over a thousand
times more strongly when the electric vector is parallel to the cylinder axis. It
should therefore be possible to estimate the fraction of the water that is in streams

and that in uniform films.

4) Film-Thickness Formula

As mentioned,two formulas have been derived for the film thickness on the

radome; the

1/3

Gibble t=2.83[QR] mils

1

Mei 7/12

G
"

0.584 [QR] mils




where R is the radome radius in feet,

Q is the rain rate in inches per hour.

These formulas are plotted in Figures No. 3 and 4 for radome sizes of current
interest. It should be noted that the two formulas agree for large radomes and
high rain rates. Otherwise the Mei formula indicates a thinner film and a different

functional dependence.

5) Transmission-Loss and Noise-Increase Predictions

Assuming a uniform water-film thickness the transmission loss and the absorbed
(ohmic) energy can be calculated. From the absorbed energy the temperature in-
crease of the enclosed aerial can be computed by assuming the water temperature

to be 290° K. These data are seen in Figures No. 5 and 6 (for larger values, ref. 4).

6) Experimental Measurement

Measurements have been made on the Andover, Maine, 210-foot inflated radome
(1) using star sources. The results of these measurements are shown in Figures
No. 7 and No. 8* with theoretical calculations based on both the formulas of Gibble
and Mei.

It should be noted that the predictions based on the Gibble formula agree closely
not only for the expected transmission loss and increased noise temperature but
also in the general slope of these curves. From the nature of the experiment no
better agreement can be expected. The Mei formulation does not agree either in

magnitude or slope for the two quantities measured.

(4) B. C. Blevis, ""Losses Due to Radomes and Antenna Reflecting Surfaces, "
PGAP Jan. 1965,

*

In Figure No. 8, the theoretical curve considers only ohmic loss due to water
film and does not include additional noise temperature due to scattered energy
from the water film.
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In addition to the Andover data, transmission-loss measurements were made
on a 55-foot metal space-frame radome with treated and untreated Fiberglas panels.
The untreated radome data are shown in Figure No. 9 with the predictions based
on the Gibble and Mei formulation. In this case the Mei formula agrees much
more closely with the experimental data. It is also of interest to note that if the
flow were completely due to water cylinders whose diameter is constant but if

their number increased with rain rate, we would have a unity slope.

¢

Lo Eare (/)
Figure 9.

7) Conclusions

a) The Gibble formula predicts closely the Andover transmission loss and

increased noise temperature. The Mei formula does not.

b) The Mei formulation checks the ESSCO rain-simulation data. The Gibble
formula does not.

c) Panel-surface treatment (silicone, teflon, etc.), as demonstrated by ESSCO,

significantly decreases the radome rain effect.

d) At the present time it is not possible to predict the water-film thickness or

streak diameter on a 550-foot treated or untreated radome.
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8) Recommendations

a) That the ESSCO rain-simulation measurements be extended to both polari-

zations to determine, if possible, the proportion of water in film and stream.

b) That the ESSCO rain-simulation measurements be extended to higher rain
rates to determine the behavior of these curves and their possible use for larger

radomes and smaller rain rates.

c) That the HAYSTACK radome be implemented for rain-simulation studies.

There is some difficulty here owing to the radome height.

d) That the speed of rain run-off, film or stream, be examined on large flat
panels of different material and different coatings. This could be instrumented

using colored water and photographic techniques or other means.

e) That means of getting rid of the water be more thoroughly investigated.
Basically, what we wish to prevent is slow-moving and therefore thick uniform
films. What we want, electromagnetically, are high-velocity (small-diameter)

jets. These can be approximated by:
1) Surface treatment of the membranes to get rapid run-off.

2) Guides or gutters at the metal space-frame members to collect it

into thicker higher velocity flow.

3) Collection of a number of these flows into spouts that would throw

the liquid into high-velocity, free-fall streams off the radome.

This type of water-flow control is not out of order for as large a structure as
a 550-foot radome, as it collects one hundred times the water as a 55-foot structure

.and is about six acres in extent.
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CLIMATIC EXTREMES FOR A LARGE RADOME
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Interim Notes on Atmospheric Properties INAP No., 70
Norman Sissenwine and Irving I. Gringorten
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1. INTRODUCTION

The Cambridge Radio Observatory Committee (CAMROC) is contemplating
the establishment of a radio telescope within easy commuting distance (2 hours
by surface travel) of the sponsoring organizations, which are Harvard University,
Massachusetts Institute of Technology, MIT Lincoln Laboratory, and the Smith-
sonian Astrophysical Observatory. The telescope antenna currently under con-
sideration is so large that it would require a radome of more than 500 ft in dia-
meter to protect it from the elements. It has been determined that this facility
should be located in an inland New England valley in order to avoid extremes of
weather and difficulties in transportation found in hilly locations, and also to be
out of range of the strong radio interference found in the Boston area. Extremes
of wind, and perhaps several other meteorological stresses, require critical con-
sideration in a structure of this size, since the mass of the radome must be kept

to a minimum in order not to attenuate radio waves appreciably.

If a detailed examination of climatic history during preliminary design were
to reveal that the greatest extreme of a meteorological stress ever observed,
assuming a long period of record, could be withstood without excessive cost, it
appears logical to design for this extreme plus some practical safety factor.
However, should a stress or combination of stresses become critical, a more
sophisticated examination of the probability of extremes is required. Also, a
calculated-risk philosophy must be established that is related to the life expected
of the facility. Preliminary thinking is that the facility should be built for a use-
ful life of 25 years. Should a meteorological stress prove critical, calculated

risks of 0.1 to 1. 0 percent probability should be considered.




The Design Climatology Branch of AFCRL has been responsible for develop-
ing techniques and models for specifying extremes and durations of meteorological
conditions in connection with the design of military equipment for many years.
(Responsibility for DOD MIL STD 210A, "Climatic Extremes for Military Equip-
ment, ' has recently been assigned to this branch, and revision is being considered. )
Application of these techniques to practical problems invariably helps extend re-
search efforts toward providing more meaningful results. Therefore, when Dr.
Fred L. Whipple of the Smithsonian Astrophysical Observatory and Mr. Herbert
G. Weiss of MIT Lincoln Laboratory called upon us for advice, we responded with
seven independent notes concerning extremes of temperature, rain, snow, hail,
icing, wind, and gusts. Only the latter two are interrelated. These notes are
intended to serve in the development of preliminary design criteria. Refinements
may be possible for some of the meteorological stresses, if they prove critical
in preliminary design, once a specific location (or locations) is under consider-

ation.

2. RAINFALL

Total rainfall and intensity of rain in valleys and other flat terrain within 50
to 100 miles of Boston will not vary sufficiently to require detailed specification
by location. The intensity of rain is probably the most important consideration
in designing structures. Although statistics are not available on accompanying
wind, intense short-duration rain, perhaps lasting only several minutes, is fre-
quently associated with thunderstorms. Winds of 30 mph gusting to 50 mph would
not be unreal to assume in design studies concerned with such downpours.
Extremes of intense rains that last several hours may be associated with hurri-
canes, in which case winds are in the 75- to 100-mph category. Short-duration
gusts will be 50 percent higher. Rainfall intensities for a range of probabilities
for a family of durations are provided in Table 1. (See Jennings, 1955, 1961,

1963.)




Table 1. Rate of rainfall (inches/hr) averaged over duration specified

Duration

5 minutes 1 hour 6 hours 24 hours

Actual max (65 years) 6.72 2.10 0.91 0. 35
Probability of exceeding max
50% in any year 3.70 1.15 0. 38 0.14
60% in 25 years 6. 55 2: 110 0.63 0. 24
20% in 25 years 7.90 2.70 0. 80 0. 28
1% in 25 years 12.00 3.09 113 0. 40

3. TEMPERATURE EXTREMES

To make estimates of extreme hot and cold hours within approximately 60
miles of Boston, we picked some 11 stations for which the USWB provides 30-year

records, as follows:

New Haven, Connecticut
Bridgeport, Connecticut
Hartford, Connecticut
Portland, Maine

Blue Hills, Massachusetts
Pittsfield, Massachusetts
Worcester, Massachusetts
Concord, New Hampshire
Block Island, Rhode Island
Providence, Rhode Island

Burlington, Vermont.

We studied the records for January, which is generally the coldest month, and

July, which is generally the hottest month.




3.1 COLD

The January average of the 11 stations gives for a ''typical' station the tem-
perature mean 25.4° F, compared with the Boston Logan Airport mean of 29.1° F.
Unfortunately, the records do not give the standard deviation of the temperature.
From the Handbook of Geophysics this is estimated at 11° F in January. It is
further assumed that the hourly temperatures, in toto,have a normal Gaussian
distribution, which is often a poor assumption. But it gives reasonable estimates

of percentiles as follows:

10 percent 11° F, compared with Logan 15° F,
5 percent 7°F, compared with Logan 11°F,
1 percent 0°F, compared with Logan 3°F.

The records that are readily at hand do not give the highest and lowest tem-
peratures in each year or the distribution of these extremes. Consequently, it is
not possible to make direct estimates of the risk factors. Recently at AFCRL we
developed a model of the duration and frequencies of anomalous values of meteor-
ological elements, which has worked demonstrably well. It assumes a simple
Markov process with a constant hour-to-hour correlation of normalized variates.
An assumed value of 0. 95 for this correlation is optimum when it is not known
otherwise. Given mean 25.4° F and standard deviation 11° F, the model yields for

the lowest temperature in 32 days (January 1 through February 1, inclusive):

50 percent probability -4°F
2 percent probability -15°F.

In a 25-year period the model yields for the lowest:

50 percent probability -15°F
2 percent probability -23°F.

In a 100-year period the model yields:

50 percent probability -19° F (Court, 1953a, gives
-20 to -30° F)

2 percent probability -26° F.

For the 11 stations the actual observed minima in 30 years (any month) are
given by the Weather Bureau, ranging from +3°F to -39° F, with an average of

-19° F. The value of -39° F was observed at Portland, Maine, where the mean




January temperature is 21. 8 F. All told, the model underestimates the extremes
of cold, suggesting that a special effort to collect the data of extreme cold is

necessary.

Using Washington, D. C., as a 'typical' southern location, we find the
mean January temperature is 37° F, with a standard deviation of 10° ', from
which the model estimates the 25-year lowest with a 2 percent probability at -6° F
(instead of -23° F).

3.2 HOT

The July average at the 11 New England stations gives as a ''typical' station
mean 70. 6°F, compared with Logan airport's 72. 2° F. From the Handbook a
typical standard deviation is 8° F. The model gives the following estimates for

the ''typical'' station:

10 percent 81° F, approximately the same for Boston,
5 percent 84° F, approximately the same for Boston,

1 percent 89° F, approximately the same for Boston.

Highest of the month

50 percent probability 92°F
2 percent probability 101° F
1 percent probability 102° F.

Highest in 25 years

50 percent probability 100° F
2 percent probability 107° F.

Highest in 100 years

50 percent probability 103° F (Court, 1953a, givesexpected 102° F)
2 percent probability 109° F

Actually observed at the 11 stations in a 30-year period, any time of the year,
were 97, 101, 100, 100, 101, 94, 94, 100, 91, 97, and 101° F, respectively.
Boston's record temperature in the 30 years is 100° F. At Washington, D.C.,
where the mean July temperature is 78° F, with a standard deviation of 7° F, the

model gives the 2 percentile in 25 years as 110° F.
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4. SNOWFALL EXTREMES

Using Boston as typical of any station in a 60-mile radius, with respect to

heavy snowfall, we have collected the following data:

Heaviest of the year: average, 9.91 inches in 24 hours

standard deviation, 3. 54 inches in 24 hours.

The distribution in the 35 years of record fits the double exponential distribution

very well, which makes the following estimates possible:

In 25 years the expected maximum is 18.9 inches in 24 hours
2 percent probable maximum 28. 0 inches in 24 hours

1 percent probable maximum 30. 0 inches in 24 hours.

For the 11 stations mentioned in the section on temperature, the greatest 24-hour

snowfalls on record (30 years) are:

15.0, 14.3, 17.2, 21.0, 27.2, 14.5, 24.0, 19.0, 16.9, 18.3, and 14. 5 inches,

averaging 18. 4 inches.

Boston's record is 19. 4 inches for the 30 years.
1
5. HAIL

There is a small frequency of hailstorms for a given location. It varies from
about 1.1 times per year near the coast to about 1. 2 times per year 50 to 100
miles inland. Statistics are not available in a form where frequency of hail by
size can be related to probability at any location. The most pertinent data avail-
able are included in an AFCRL survey of New England hailstorm occurrences,

obtained through cooperative reporting by residents of the area.

Over a 5-year period, 472 reports of hail were received. Most of these were
well within 100 miles of Boston and so can be considered as representative of
eastern Massachusetts. The most frequent size of the largest stones reported for
each storm is 1/4 inch. Sizes as large as 3/4 inch were mentioned in one-quarter

of the reports. Frequency of very large sizes in these 5 years were:

1For additional information, see United States Department of Agriculture (1941)
and Chimela (1960).
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Size Frequency Cumulative Probability

1. 00 inch 11 4.45 percent
1. 25 inches 4 2.12 percent
1. 50 inches 5 1. 27 percent
3. 00 inches 1 0

Assuming that this distribution of very large hailstones is typical of that in a re-
presentative sample of hailstorms that might be encountered at any one station

in eastern Massachusetts over many years, the probability that a storm at a given
point in the area will include hail equal to or greater than 1.0, 1. 25, and 1. 50 is
the same as the cumulative probabiiity shown in the table above. Since the aver-
age incidence of a hailstorm at that station is about 1.1 times a year, assuming

a Poisson distribution, the annual risk of receiving hailstones of different sizes
can be obtained. The risk with various design criteria to a structure designed
with a 25-year life expectancy can be approximated from P = l(l-p)n, where p

is the annual risk and n the expected life. Computed values are:

Design Criteria Annual Risk 25-Year Risk
1. 00 inch 4. 8 percent 71 percent
1. 25 inches 2. 3 percent 44 percent
1. 50 inches 1.4 percent 30 percent

It appears that a hailstone design criteria of at least 1.5 inches diameter will
still provide only a 70 percent probability of no damage, far from the ! percent
calculated risk considered during discussions of damage from strong wind. How-
ever, since there is good likelihood that the citizenry reporting the 472 storms
from which these data were obtained exaggerated sizes in each storm, especially
when they were large, a design criteria of 1.25 to 1.50 inches will probably be

acceptable.

6. RIME AND GLAZE ICING

As in the case of many other meteorological parameters important in the
design of structures, there is little data in a uniform format on rime and glaze
(or clear) ice from which studies could be developed to provide design criteria
applicable to stated calculated risks. This difficulty was encountered several

years agao by Austin and Hensel (1956, 1957) when they attempted to develop




design criteria for freezing precipitation and wet snow along the eastern North
American coast line in connection with radomes for aircraft warning systems.
They developed expressions that can be applied to standard meteorological data

to derive thicknesses of clear ice and wet snow that would accumulate on the wind-
ward side of the structure with high collection efficiencies. Rime ice was not
considered a design problem for the smaller radomes being developed at that

time since wind, concurrent with freezing drizzle, which forms rime ice, was
thought to be sufficiently strong to divert the small drops from impacting the
structure. Since there is some likelihood that rime ice can accumulate on a

radome as large as 500 ft in diameter,it will not be ruled out herein.

In general there appear to be two problems related to rime and glaze:
(1) the structure should be strong enough to support the total amount of ice that is
likely to accumulate on it, (2) if deicing methods are to be employed, the maxi-

mum rate at which ice will accumulate is required.

The total amount of ice that could accumulate on a structure will depend upon
the structure's geometry and size, as well as on the rate of precipitation and wind
speed. Unfortunately, available information on ice accumulation does not permit
the isolation of these factors. The most complete summary of glaze appears to
be that provided by Bennett (1959). A most pertinent presentation in this summary
is a set of maps for the United States that provides the results of a 9-year study
by the Association of American Railroads. The extreme radial thickness of glaze
on utility wires for Massachusetts provided by these maps was between 1. 75 and
1.99 inches and was noted near the coast and also in the Connecticut River Valley
area. During the 9 years, about 20 glaze storms were observed over coastal
areas and nearly twice this number over central Massachusetts. Austin and
Hensel (1956) provide an example that indicates that during a period of heavy glaze
formation, the rate of accumulation on a vertical surface, in a horizontal wind of
40 mph when rain is falling at a nominal rate of 0. 06 inch per hour, is 0.13 inch
per hour. Applying this 2 to 1 ratio to the 2 inches of radial icing reported upon
by the railroads, we can expect a nearly l1-inch accumulation on a surface such
as the top of a large radome. Austin and Hensel (1956) also give some frequency
distributions of rainfall rates and durations during near freezing, which indicate
that 1 inch of ice on a horizontal surface is conceivable, although this seems
extreme, and it is questionable whether other critical conditions would last the
period of precipitation. From these data they also estimated that the precipitation

rate will seldom exceed 0.1 inch per hour during near-freezing temperatures.
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Another extensive survey on ice appears to have been performed by one of
the most well-known climatologists of this area, the recently departed C. F.
Brooks, Director of the Blue Hills Observatory. The importance of altitude is
forcefully brought out in this work. His findings are summarized in a book on
wind power (Brooks, 1948), where some graphs are provided. For these lati-
tudes Brooks estimated a maximum thickness of rime ice (35 pounds per cubic ft)
of about 3 1/2 inches for stations near sea level, and 5 inches for elevations of
1000 ft, the altitude of the Worcester Airport. Presumably, these values apply
to surfaces with high collection efficiency, such as trees and wires. In terms of
clear ice, the comparable values would be 2. 2 inches and 3.1 inches, not in sharp
disagreement with the Bennett (1959) and Austin and Hensel (1956) findings, con-

sidering that the Brooks values are estimated maximums for all times.

In summary, it appears that for the structural problem, weights commen-
surate with 1 inch of clear ice (56 pounds per cubic ft) on a horizontal surface and
a couple of inches on vertical surfaces should be considered in preliminary design.
In connection with the deicing problem, accumulation on a horizontal surface of
0.1 inch per hour should be considered, with values at least 25 percent higher for
structures with high collection efficiency. These values could be refined by con-
sideration of the aerodynamics and geometry of the structure and by application
of the Austin and Hensel techniques to the large amount of surface wind data now

available on magnetic tape when a site is selected.
7. WIND EXTREMES
The best collection of data on wind extremes in the United States was made
by H. C. Thom of the USWB several years ago. Unfortunately his data are in

terms of the fastest mile. We shall present his data, but will also convert them

to maximum 5-minute wind speeds.

In Thom's record there were eight stations considered within the vicinity of

our interest:
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Boston, Massachusetts
Providence, Rhode Island
Portland, Maine
Concord, New Hampshire
Hartford, Connecticut
Nantucket, Massachusetts
New Haven, Connecticut

Burlington, Vermont

In all of these cases the station was moved from the city to the airport 15 to 30
years ago. We have from 24 to 30 years of city record and 12 to 19 years of
airport record at each station. They give for the annual extreme an average of
43 mph at city stations and 52 mph at airport stations. The standard deviation of
these annual extremes ranges from 4 to 12 mph. In all cases the distribution of
annual extremes can be fitted with confidence to the Double Exponential Distribu-
tion. This has allowed us to make estimates of the 25-year extreme wind., The

1 percentile of the 25-year extreme varies from 82 mph at the New Haven airport

to 128 mph at Logan airport (see below).

To convert the above figures from fastest mile to maximum 5-minute wind
we have compared Thom's record with Court's (1953b) record on 5-minute winds,
limiting the comparison to the same stations and the same years. We drew three
curves that best fit the conversion: (1) the 50 percentile of the 25-year maximum
fastest mile to maximum 5-minute wind, (2) the 1 percentile, and (3) the 0.1 per-

centile (see Figure 1).

The question has been asked: How do extreme winds in New England compare
with extreme wind speeds at southern Atlantic seaboard stations? To make a
qualitative comparison, we looked at Figure 4-36 in the Handbook of Geophysics
(Air Force Cambridge Research Laboratories, 1965) and concluded that little or

nothing would be gained by searching for lower speeds at the southern stations.

In the above estimates the winds were corrected to a height of 50 ft above the
ground by assuming the relation V o ln(z/zo), where z, is the roughness parameter

accepted as zy = 0.1 ft and z >> z.




In summary, we have estimates of the maximum 5-minute winds in 25 years,
averaged for the three coastal stations (Boston, Nantucket, and Portland) and for

the five inland stations as follows:

Height fo) al Inland

Above 50 1 0.1 50 1 0.1

Ground Ratio Percent Percent Percent Percent Percent Percent
50 ft 1.00 72 112 130 55 82 96

100 ft 150101 80 124 144 61 91 107

250 ft 1.26 91 141 164 69 103 121

500 ft 1,37 99 153 178 75 112 132

The actually observed greatest of all 5-minute wind speeds at the 8 stations, both
in the city and at the airport, was 95 mph at the Providence city station during the

1938 hurricane. The instrument was up 250 ft above the ground.

8. WIND GUSTS

A ripple on the water surface will cause a cork to bob furiously, but will have
no noticeable effect on a rowboat. Waves in Boston Harbor may make the occu-
pants of a rowboat feel quite uncomfortable but will not trouble passengers of an
ocean-going vessel, In fact, the same family of waves hitting the side of the boat
will be more nauseating than when hitting it lengthwise. The larger the dimension
of the floating object in the direction of wave propagation, the longer the wave

required to cause vertical displacement.

The above intuitively understood principle is completely analogous to the prob-
lem of relating the structure of the horizontal wind, primarily gusts, to the maxi-
mum force on a building in any wind situation. This maximum force, due to a
single gust, could blow over a structure. Another important wind structural
problem is that of vortex sheddings. It is most important for towers, chimneys,
cables, etc. If the frequency of shedding, dependent upon the wind speed and the
geometry of the structure, corresponds to the natural period of oscillation due
to elasticity of the structure, the resonance could serve as a forcing factor and
bring about destruction. It is conceivable that gust frequency could add to this
problem. This is a matter beoynd the scope of this paper. Because of the large
diameter of the sphere being cansidered, this factor may be of only small impor-
tance to CAMROC,




With regard to the gust force, the wind design criteria must be specified in
a form applicable to the size of the structure. Sherlock (1947) has determined
that a gust must be approximately 8 times the length of the structure's down dimen-
sion, or longer, to be effective. For example, for a 100-ft-square building one
should work with the statistics of 800-ft gusts, or wind data averaged over the
period of time required for 800 ft of air to pass, the gust duration. In a 50 mph
(73 fps) wind, gusts of 10, 6 seconds would be applicable; in 100 mph, the gust

need last only 5 to 6 seconds,

Available wind data that form the basis of climatic statistics are not directly
applicable. In this country, around World War II, winds were obtained by rotat-
ing cup anemometers. These electrically triggered a pen to mark a time-driven
chart when each mile of air passed. The greatest number of pen jogs in a 5-
minute period, multiplied by 12, provides the fastest 5 minutes' average speed
for the day, the duration of the chart. This was the standard entry in the climatic
record of winds until shortly after World War II.

Today's basic wind entry, wind extremes that have been recorded for years,
is the fastest mile, which is obtained from the shortest time between two con-
secutive pen marks., Duration may vary from minutes to 1/2 a minute or less,
making results of statistical summaries hard to evaluate. Gusts of short dura-
tion, which might be applicable to structures of smaller dimension, are not gen-
erally recorded since the instrumentation does not have a fast-enough response.
When obtained with special instrumentation, these can best be understood when
related to a wind averaged over a specific period of time, such as the now-obsolete
5-minute period. In the United States at a few locations there are records from
Dines (pito-static pressure tube) anemometers, which respond very well to gusts
of 5 seconds or less, depending upon the authority believed. In Great Britain
the Dines anemometer is a standard., In that country basic wind data are the
mean hourly wind speed, obtained by '"eye averaging' the wide range of pen strokes
during 1 hour of travel of 1 1/2 cm of the chart, and the maximum gust during
each hour. Statistical models, such as the Gumbel double exponential for extremes,
can be applied to both hourly and gust data for calculated-risk thinking, However,
since winds need to become strong only for a matter of minutes in order to destroy
a large structure and seconds for small structures, the British have also had
difficulty obtaining wind data applicable to structures. Interpolation between 5

and 360 seconds, when the function is exponential, is difficult. Also, a sudden



thunderstorm-type wind might hardly show up in the hourly average. One inter-
esting fact, from a most pertinent recent British summary of wind speeds appli-
cable to structural design-(Shellard, 1965), is that the gust speed likely to be ex-
ceeded only once in 50 years is 50 percent higher than the 1-hour wind speed of
the same probability on the windy west coast, but closer to 70 percent higher on
the more sheltered inland. Inland Massachusetts will probably have a gust regime
similar to the east coast of England. Pertinent to the problem of utilizing the 5-
minute winds of the United States, Shellard (1965) does provide a frequency dis-
tribution of the gusts during 404 10 -minute cases when the wind averaged more than
20 mph. It reveals that the maximum 5-second gusts had a 1 percent probability
of being above 70 percent stronger than the 10-minute winds ‘over open country,
supporting findings that are summarized in Figure 1. Gust factors will probably

be higher over cities.

The 5-minute wind speed is a statistical entry that can be utilized in structural
design in accordance with methods of Sherlock (1947) if the 5-minute wind speed
can be related to speeds averaged over shorter durations of time. This cannot be
readily accomplished with fastest mile data because of the changing duration of the
measurement. Court (1953b) made an extensive analysis of laboriously edited 5-
minute wind data for the United States. His basic data sample consisted of 37
years (1912-48) of maximum annual 5-minute wind speeds for 25 stations, at which
the instrumentation remained fairly constant in exposure, height, and type. Boston
was not included, because it did not qualify in this way. The nearest location,
Block Island, Rhode Island, had an average annual maximum of 58.4 mph, with

a standard deviation of 7.5 mph, third highest in the sample.

Court recognized that it was usually the gusts, and not the 5-minute buildups
of wind, that do the damage. He had no quantitative information on the size or
duration of gusts applicable to structures. To make his findings more meaningful,
he compared cup and Dines anemometer data, published for Washington, D.C., in
two separate studies. He found that the gust factor (amount by which the 5-minute
speeds should be multiplied) when winds exceed 30 mph is 1.5. This value has
been substantiated as a good rough value for an envelope of few-second gusts in
moderate wind speeds by many others. However, the data is probably fairly
coarse, especially with regard to the exact duration of the gusts. There are many

individual cases of lower and higher gust factors. There are questions of variation




with strength of 5-minute wind speed, height above ground, terrain, etc. Lettau
and Haugen (1960) summarize much of the applicable data, some of it obtained
during micro-meteorological research. Integrating these data requires consider-
able subjective treatment because of the many dependent conditions, often not

known, that appear to lead to conflicts in the findings.

A set of data from the Mount Washington observatory records was employed
for this CAMROC study, since special concern with gust structure of strong winds
is required when a structure is being designed to last 25 years within low (1 to 0.1
percent) risk. As shown in Section 7, design winds will approach 100 mph, far in
excess of speeds in the usual data sample from which gust factors are available.
Even a few percent changes in a gust factor could have large effect on the gust
force, considering that it varies with the square of the velocity, when a gust factor

is applied to 100-mph speeds.

The gust sample selected for special analysis included eighteen 5-minute
periods, which averaged 108 mph. The maximum gust duration, about 3 seconds
for each of these 18, ranged from 16 to 38 mph, averaging 23.9 mph with a standard
deviation of 7.9 mph. This yields a probable maximum 3-second gust, when 5-
minute winds average 108 mph, of 132 mph, a 1 percent probable gust of 150 mph.
This is a gust factor of 1.4. (These gusts were determined from the time of
passage of 0.1 miles of air on a specially designed rotor anemometer. In a steady

wind of 120 mph, this will take exactly 3 seconds.)

Also needed are gust factors for gusts of other durations. Fortunately, Durst
(1960) reported upon standard deviations of gusts with durations of 5, 10, 20, 30,
60, and 600 seconds (during samples of 1-hour periods) for wind speeds in eight
10 -mph groupings up to 80 mph. Manipulating these data, we found that these
standard deviations vary inversely with the logarithm of the gust duration, a straight
line on semilog graph paper. This relationship has been applied to the l-percent
probable gust of the eighteen 5-minute speeds, which average 108 mph (rounded to
110 mph) to form the basis of Figure 1. It is the curve on the far left. Also on
this figure is the relationship obtained by Sherlock (1947) for 30-mph winds. These
are average gust factors during a 70 -minute period, and the l-percent probable
gust curve, not available, would be shifted considerably to the right. It closely
approximates the semilog relationship, but does not fit it exactly. To give better

resolution to the picture, a set of maximum gusts of 5, 10, 30, and 60 seconds was




available (Mackey, 1965) for Typhoon Mary when it crossed near Hong Kong in
June 1960. This set approximates the semilog relationship and serves as the basis
for the 60-mph curve, although no probabilities were available. Also shown are
the strongest wind of record (Pagluica, Mann, and Marvin, 1934), 188 mph, and
another very strong wind, 136 mph, both for Mount Washington. The gust factors
for both these points are somewhat higher than we might get by extrapolating the
family of curves to higher speeds, but are within the general range of scatter of
data of this type. Both are probably within 0.1 of extrapolated gust-factor values.
Another point on the graph, that for an 80-mph wind over Tiree, England, in
February 1961, taken from a photo of the original strip recorder paper, appears
to fit fairly well the curve for 85 mph, which gives us an interpolation between the
data from Typhoon Mary and that of 1-percent probable gust from the Mount
Washington sample. It appears that this figure is one possible approach to a ra-
tional application of gust factors and can usefully be applied to the 5-minute de-

sign wind determined from Section 7 above.

Heights above the ground are not well defined in these gust-factor studies.
Sherlock's (1947) curve in Figure 1 applies to data obtained between 50 and 175 ft,
a fairly wide range of heights. The Mount Washington data were obtained 38 ft
above the ground. The height of the Tiree anemometer is believed to be standard
for England, 33 ft. That of the Hong Kong anemometer is not known but is quite
likely to be the same as that for England.

For large gusts, those of l-minute duration, Lettau and Haugen (1960) pre-
sent data obtained by German investigations that indicate that the gust factor re-
mains constant up to 300 feet. It appears reasonable to assume that this relation-
ship also holds to higher altitudes. Gust factors for few-second gusts during 5-
minute speeds of 20 knots or greater and the ratio of 5-minute speeds at height

to 10-ft speeds, obtained by Sherlock (1953), follow.

Height
Ratio 10 20 50 100 300
V/VIO’ 5 minute 1.00 1.05 1.14 1.21 1.32
Gust factor at height 1.7 1.6 1.5 15 1.4




The Sherlock findings reveal that the few-second gust does not increase as rapidly
with height as the 5-minute winds. Higher wind velocities at high levels are accom-
panied by lower gust factors, a form of compensation. Short-period gustiness
associated with surface roughness tends to damp out with height, as the slower
moving boundary layer air gradually merges with the faster geostrophic flow that

is in equilibrium with pressure forces, at about 2000 -ft altitude.

From Figure 1 and the relationship between height and velocity for 5-minute
wind speeds, provided in Section 7, we can study this problem. For example,
if the 5-minute design wind chosen were 85 mph at 50 ft, the 5-second gust factor
will be 1.45, yielding a gust of 123 mph. At 300 ft the 5-minute wind will be 110
mph, but the 5-second gust factor would be reduced to 1. 35, yielding a gust of
1.38 mph. This value is slightly larger than might be obtained by extrapolating

the Sherlock findings and can probably be considered as conservative.
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INTRODUC TION

The problems are:

a. To give estimates, by isopleths on a map of the United States, of the wind
speeds that will be equalled or exceeded with a 50% risk in a 50-year
period, or a 1% risk in a 25-year period. The first (50% in 50 years) will
be a map corresponding to Figure 3 of Thom (1959). The second (1% in
25 years) is considered to be a practical figure with respect to a structure
such as a radome that is built for an intended useful life of 25 years. It
will be located in open country (away from radio interference) and not on

top of a mountain or hill.

b. To estimate the frequency with which the wind speed, at a height of 500 ft

above the ground, will exceed 20 mph.

METHOD AND RESULT

A. Work on problem a. had been done by Thom (1959), which could be con-
sidered sufficient for the purpose of comparing the critical speed at one station with
that of another. But there are a few objections. First, Thom's speeds are in terms
of the ''fastest mile.'" A fastest mile of 60 mph is a 1-min wind; at 120 mph it is a
1/2-min wind, and so on. For the effect of the wind on a structure, it is believed
that the wind of a given force acting for a specific interval of time is the pertinent
statistic. Thom's original record of annual extremes of wind, therefore, was reexam-
ined and processed to yield extreme wind speeds in terms of ''5-min' wind speeds,

that is, a speed that is the average of the speed in a 5-min interval.

Thom's original record had both city and airport stations. Only the airport stations
were selected for this study since they represent wind conditions in open fields more
closely than do city stations. There were 129 such stations spread throughout the con-
tiguous U.S. The years of record varied from 5 to 29 years. Disregarding the length
of the record, the mean (V) and standard deviation (Sv) of the fastest mile were ob-
tained at each of the stations. The annual extreme wind is assumed to have a double
exponential distribution (Gumbel, Lieblein, Court, and Gringorten), and an estimate

A
(V) of wind speed satisfies the relation

-7
—_t (1)

where YS is a standardized variate, with mean zero, variance 1.0, and double exponen-

tially distributed.

For the 50 percentile of the 5-year maximum, y 2.90.

5.67;

For the 1 percentile of the 25-year maximum,

o
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Thus, the extreme fastest mile (50% in 50 years, or 1% in 25 years)

was estimated at each of the 129 stations.

The next step required a comparison of values of fastest mile with maximum annual
5-min wind. For some 25 stations Court (1953) gave the max 5-min wind in some 37
years. Fortunately, Thom's record included the fastest mile for each of the same 25
stations in the same 37 years. Using Equation (1) on both the Court and Thom data, it
was possible to obtain pairs of estimates of the desired extremes. Figure 1 shows the
estimate of the 50 percentile of the 50-year maximum, fastest mile plotted against

5-min wind. Simple regression gives

5-min - 0. 826 Vfastest + 2.57 .
Figure 2 shows the estimate of the 1 percentile of the 25-year maximum, fastest mile

plotted against 5-min wind. Regression gives

A

A\ . =0.78 Vv + 6.57
5-min fas

test

In Figure 3 the isopleths give estimates of the 50 percentile of 50-year max of the
5-min wind speeds throughout the U.S. The estimated values at each of the 129
stations remain plotted in Figure 3 to allow the reader to see to what extent the iso-

pleths have been smoothed and the field generalized.

In Figure 4, the isopleths give estimates of the 1 percentile of the 25-year max of

the 5-min wind speeds.

The shape of the isopleths in Figure 3 should correspond closely to Thom's Figure
3. But there are some differences, particularly over the New England region. Thom's
chart suggests that there is an axis of minimum speeds passing over Lake Champlain,
the Hudson River, eastern Pennsylvania, Maryland, eastern Virginia, and central
North Carolina. Our Figure 3, however, shows an axis of minimum speeds passing
over Utica, New York, western Pennsylvania, and West Virginia. The isopleths were
drawn as faithfully as possible to the available data. But we also think that some con-
sideration of the Appalachian mountain chain and the tracks of hurricanes is in order.
We can expect high winds between the East Coast and the eastern slope of the

Appalachians and lower speeds on the west side of the Appalachians.

Figure 4, which, we think, presents a more appropriate statistic, is fairly con-

sistent with Figure 3.

B. For the probability estimate of winds exceeding 20 mph in central
Massachusetts, the information source is the Handbook of Geophysics, Figures 4-31,

4-32, 4-33, and 4-34. The following are typical combinations of mean and standard
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deviations at 50 ft above the ground in central Massachusetts and corrected to 500 ft

by the relation:

V500 _ £n 500/0.1 _ .
Vo Ln 50/0.1
50 ft 500 ft
Month Mean s. d Mean s. d.
January 10 5 13.7 6.8
11 6 15.1 8.2
April 10 5 13.7 6.8
12 5 16. 4 6.8
July 9 4 12.3 5. 5
10 5 13,7 6.8
October 10 + 13.7 585

As found in the preparation of the Handbook of Geophysics, the gamma distribution

A
is a useful relation to estimate upper percentiles (V) of wind speed as follows:

]
where P(ys) = J. f(y) dy, where f(y) =1/2 (y2 . e_y). Values for P(ys) are given in

=00
Section 4,5.1 of the Handbook, and lead to the following answers:

Month Frequency of speed exceeding 20 mph
at 50 ft at 500 ft

January 8% 20%

April 6% 21%

July 3070 14070

October 2% 13%

At 500 ft, the rawinsonde might give information on the wind speed by interpolation
between 1000 ft (reported) and the surface wind. Such data were not at hand, and it is

not possible to judge whether they would yield lower or higher estimates of the wind.
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GEOMETRIC AND STRUCTURAL CONSIDERATIONS FOR LARGE RADOMES
By
R. A. Muldoon
I. Introduction

I plan to review very briefly the approximate methods that were used in space-frame
radome analysis prior to the employment of the computer and to indicate those areas
where the computer is being adapted to radome design,and also to sketch the benefits
that derive from the precise analyses afforded by the computer. I shall consider only
the stress analysis of the radome. Prof. James Mar and Dr. Howard Simpson will con-

sider the problems related to the buckling of space-frame radome structures.

Rigid ground radomes are designed to protect antennas from adverse environmental
conditions, e.g., wind, snow, and ice. The structural components of the radome must
be sufficiently sized and properly located so that the radome maintains its mechanical
integrity under the anticipated climatic loads. Yet the size and distribution must be
minimized in order to prevent undue interference with the transmission of electro-
magnetic radiation. It is this stringent electrical requirement that differentiates a
radome from all other type structures. Thus, the successful radome design must effect

a judicious compromise between these conflicting mechanical and electrical requirements.

The inclusion of a radome in a communications system confers many major benefits
on the antenna structure. The most important is a reduction in the stiffness and rigidity,
and thus the total weight and cost of the antenna structure itself. When an antenna is
exposed to the environment, increased stiffness and rigidity are essential in order that
the structure survive climatic conditions that occur but once in many years, e.g., winds
in excess of 100 mph. This survival criterion dominates and controls the whole antenna
design; it demands sturdier and more costly structural components that are rarely uti-
lized at their design capacity; higher power requirements are necessary to drive a
heavier antenna against the prevailing low-velocity winds; moderate wind and snow
storms compel a shut down of the whole system; exposure to the elements increases the
frequency of maintenance and repair time with a corresponding increase in shut-down

time. All these factors degrade the efficiency of the site.

Now with the tendency toward more accurate and precise dishes where surface
deflections must be kept within sixteenths of an inch, then the controlled environment
provided by a radome is essential. The radome by excluding the weather not only
removes the major source of mechanical loading from the antenna but permits the

smaller deflections resulting from the gravity and thermal loads to be controlled with




precision. Thus, the predictable deflections developed by the predictable gravity load
may be compensated for by means of cables or other such devices, while the deflections

due to thermal gradients may be minimized by proper heat and ventilation methods.
II. Space-Frame Radomes

1. General

Space-frame radomes in common with other radomes are spherical structures
truncated along a parallel circle (see Figure l1). They are distinguished from other
radome types by the presence of a continuous metal frame wove to produce triangular-
type cells that are comprised of individual load-carrying beam elements. The beam
elements are distributed about the surface of a sphere in accordance with some pre-
scribed geometric pattern. Each beam begins and ends at a hub and follows a chordal
line between these two hub points, which lie on the surface of the sphere. Each trian-
gular cell is covered by a thin, plastic, membrane of acceptable dielectric property

that is secured to these beam elements.

Space-frame radomes are generally subdivided into two classes — uniform and
random — depending on the geometry of the frame. A uniform configuration is charac-
terized by parallel sets of intersecting arc segments that proceed for large distances
along great circles of the sphere and form the sides of the triangular cells. This regu-
larity readily distinguishes the uniform from the random geometry, and conversely the

lack of symmetry in beam orientation identifies the random geometry.
2. Development of Space-Frame Geometry

In general, the geometry of the space frame is developedby consideringan icosa-
hedron or some variation of this model (see Figure 2). An icosahedron consists of 20
identical equilateral triangles disposed as illustrated. Each vertex point falls on the
surface of a sphere that circumscribes the icosahedron. Any one of the equilateral tri-
angles can be further decomposed into another system of triangles. In Figure 2 the
centroid of the triangle ABC, point G, has been raised to the surface of the sphere and
chords drawn from this centroid to the apices of the equilateral triangle. All the tri-
angles resulting from this operation are congruent. Now the triangle AEG may be
further decomposed into another set of triangles. This latter set can be made either
regular or random. This last process as applied to a 550-ft-diameter radome consists
in developing a triangular type grid of 15-20 points, which fall on the surface of the
sphere and the associated beams — chordal connections between the vertex points. Once
this basic net is established, computer programs have been written and are in operation
that rotate and reflect the points and beam elements in this basic unit to give the com-
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